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• Under the unsteady flow dynamics, the details of the flow and heat-transfer characteristics are obtained by large eddy simulation.
• Investigation of the law of mutual interference between gas films in parallel holes.
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a b s t r a c t
A large-scale large eddy simulation in high performance personal computer clusters is carried out to
present unsteady mixing mechanism of film cooling and the development of films. Simulation cases
include a single-hole plate with the inclined angle of 30° and blowing ratio of 0.5, and a single-row plate
with hole-spacing of 1.5D and 2D (diameters of the hole). According to the massive simulation results,
some new unsteady phenomena of gas films are found. The vortex system is changed in different position
with the development of film cooling with the time marching the process of a single-row plate film
cooling. Due to themutual interference effects includingmutual exclusion, a certain periodic sloshing and
mutual fusion, and the structures of a variety of vortices change between parallel gas films. Macroscopic
flow structures and heat transfer behaviors are obtained based on 20 million grids and Reynolds number
of 28600.
© 2016 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).With the development of the aeronautic industry, the military
fighters in the pursuit of high speed and high mobility perfor-
mance, or large civil aircraft pursues the great capacity, higher de-
mands of high performance aero-engine are urgently proposed.
Turbine blades are one of the most important components of the
aircraft aero-engine, which works at the very extreme conditions
such as the high temperature, high speeds, and high pressure loads.
The increase of aero-engine thrust mainly depends on the increase
of the turbine inlet temperature. This means that the cooling of a
turbine blade becomes the first priority in a high-performance gas
turbine engine. The inlet temperature of current advanced gas tur-
bine engine has reached about 2200 K, in which the 400 K more
than the melting point of metal materials of turbine blades. So the
advanced turbine blade cooling design becomes one of the most
important and urgent key technologies, such as the film cooling in
Fig. 1 [1]. There are many open small holes in blade surfaces and
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CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).when the cool medium is injected into the mainstream with high
temperature, the cold air film exists on the surface of blades to pro-
tect the materials.
The ideas of the film cooling technology begin in the 1870s.
The research in film cooling of the flow and heat transfer is
mainly divided into two aspects: one is committed to the mixing
mechanism of gas film cooling, and the other focuses on the gas
film cooling performance for complex models. For the mixing
mechanism of the gas film cooling, new simulation methods,
and the influence factors of gas film cooling are the main two
key issues. Ongoing theoretical exploration and the theory of
calculation methods both make great foundation for the research
of the gas film coolingmixingmechanism. Liu et al. [2] put forward
a new calculation model (turbulent Prandtl number distribution
model) to improve the accuracy of gas film cooling calculation.
Meanwhile, Lee and Kim [3] put forward a kind of special methods
for optimization design of fan hole plate final cooling. Völker and
Zehe [4] set up a method to forecast flow field and temperature
field in cold flow pipe, according to correlation design of different
aerodynamic parameters, which is a part of film cooling. These
investigations lie mainly in the micro structure of the flow field.
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214 S. Li et al. / Theoretical & Applied Mechanics Letters 6 (2016) 213–221Fig. 1. (Color online) Heat transfer coefficient distribution of turbine blade with
film cooling by numerical simulations [1].
However, there are many factors that can affect the film cooling
performance as follows:
(1) The geometric parameters of the gas film hole, such as the
size of injection angle, aperture, length, aperture ratio, hole spac-
ing, the number of rows, and the shape of the hole. (2) The aero-
dynamic parameters of hole, such as the mainstream speed, blow-
ing ratio, momentum ratio of cold air from the mainstream, devel-
opment situation of mainstream turbulence boundary layer before
the gas film holes, pressure gradient, etc. Nemdili et al. [5] and Guo
et al. [6] focus on the influence of the geometric parameters of the
gas film hole (jet angle, the shape of the hole, hole spacing, etc.)
on the mixing mechanism of film cooling. Jovanović et al. [7] and
Duggleby et al. [8] focus on aerodynamic parameters of the gas film
hole (blowing ratio, momentum ratio, density ratio, development
of mainstream turbulence boundary layer before the gas film hole,
etc.) Suryanarayanan et al. [9] and Zhou et al. [10] using the ex-
perimental technology, study the influence of blowing ratio on the
turbine blade film cooling efficiency. Li et al. [11] study the film
cooling efficiency of rotating blade.
Experimental research is mainly used for gas film cooling of
complex models. However the obtained experiment results are
limited by experimental conditions which cannot completely pro-
vide all the accurate reference data for turbine blade film cool-
ing design. Owning to the rapid development of the large-scaled
supercomputer, the detail data of flow field and the heat trans-
fer in film cooling can be obtained in larger-scale simulation,
which can provide a basic guidance to the optimization design of
blade cooling structure geometry parameters. Shangguan et al. [12]
present many detail data based on hybrid thermal lattice Boltz-
mann method with a grid of 200 million on a GPU-cluster for the
unsteadymixingmechanismof the plate film cooling,which is very
important to high efficient film cooling design for blades. However
for the limitations of the lattice Boltzmann method (LBM), the nu-
merical Reynolds number is just about 5000 even with 200million
grids. In this paper, based on the large eddy simulation (LES) for
unsteadyNavier–Stokes equation the unsteadymixingmechanism
of plate film cooling on Reynolds number of 28600, which is very
near to the real blade conditions, will be carried on to investigate
the laws of unsteady mixing mechanism.
The unsteady flow and heat transfer of the gas film cooling
is simulated by LES method. The three dimensional unsteady
governing Navier–Stokes equation in the conservation form is as
follows
∂
∂t

Ω
QdΩ+

∂Ω
F · ds = 1
Rea

∂Ω
F v · ds, (1)Fig. 2. Experimental model.
Fig. 3. Diagrammatic drawing of model about data extraction. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Table 1
Detail data of the experimental model.
Name Symbol Value
Diameter of film hole (mm) D 2
Length of domain (D) Lx 17
Width of domain (D) Ly 12
Height of domain (D) Lx 10
Distance of hole center from the inlet (D) Lx1 5
Distance of hole center from the outlet (D) Lx2 12
Length of cold flow pipe (D) LzD 3
Incident angle (°) α 90
Reynolds number Re 9450
Blowing ratio M = Uj/U∞ 3.31
Temperature of jet flow (K) Tj 300
Temperature of mainstream (K) T∞ 1000
where
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The momentum equation deals with a filtering function and then
the two filter equations were obtained:
∂u¯i
∂xi
= 0,
∂u¯i
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+ ∂uiuj
∂xj
= − 1
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,
(3)
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(c) X/D = 3.
Fig. 4. Results of numerical validation: speed ratio in flow direction and normal direction.
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where τ ij = u¯iu¯j−uiuj denote subgrid-scale stress, u¯i and p¯denote
grid resolved velocity component and pressure, respectively,
where u¯i and p¯ denote grid resolved velocity component and
pressure, respectively. The Reynolds stress is calculated with the
Smagorinsky subgrid model as follows:
− u′iu′j +
1
3
δiju′ku
′
k = VSGS

∂ui
∂xj
+ ∂uj
∂xi

,
VSGS = (C∆)

2Sij Sij
1/2
, Sij =

∂ui
∂xj
+ ∂uj
∂xi

, (4)
where C is themodel constant set to a value of 0.15 in present study
and∆ is the representative element dimensionwhich is calculated
from the volume of each finite element.
In order to validate the LES simulation method for plate film
cooling, the experimental model [13] is presented as in Fig. 2. The
detail data [13] of the model is shown in Table 1.
To verify the accuracy of the numerical simulation, the numer-
ical data (speed ratio of flowing velocity with the mainstream in
center line) is comparedwith the experiment data. The situation of
the data extraction is shown as the red line in Fig. 3.W and U are
the flow directions. The comparison between the experiment and
numerical simulation is shown in Fig. 4. The data is chosen from
the distance far from the hole, such as X/D = 0.5, 1.5, and 3, re-
spectively. It is obvious that variation trend of numerical predicted
speed ratio data and experimental data agrees well. Following the
results of the numerical validation, the error of comparison be-
tween experiment and numerical simulations is little. Taking into
account the experimental system error and calculation error, the
simulation of plate film cooling by LES method is good enough for
unsteady mixing mechanism analysis.
Under the inclined angle of 30° and blowing ratio of 0.5,
the change law of mixing mechanism with different time is
discussed. The fluid is models as incompressible air. The lengths
of computational domain in three different coordinates are Lx, Ly,
and Lz , such as Fig. 5. A uniform velocity U∞ is given at the inlet of
hot air and the temperature of hot air is T∞. No-slip adiabatic wall
is prescribed at the body surface. The meshes near the holes are
refined in order to keep the nondimensional wall distance Y+ less
than 1. The LES computations involve the grids of 21.8millionwith368×256×232 in the three directions. The coordinate of the holes
is x = 5D, y = 0.5Ly, Reynolds number is Re = ρu∞Dν = 28600.
Model parameters are Lx = 30D, Ly = 12D, Lz = 10D. Blowing
ratio is M = 0.5. The mainstream temperature is T∞ = 1000 K,
and the cool flow temperature Tj = 300 K. Cooling efficiency of
adiabatic wall is η = T∞−TT∞−Tj .
According to the flow field and cooling efficiency vary as time
going on, the mixing mechanism as the film going on can be
achieved. The results of three cross sections are chosen as shown
in Fig. 6. On this cross section, anti-symmetric vortices are stable
at different time in Fig. 7. The cooling efficiency remains the same
in Fig. 8. The film stays in the stable stage, when the film has
just started. The film is carried by anti-symmetric vortices close
to the wall. The generation of this phenomenon is due to the high
intensity of jet flow. At the beginning of gas film, the normal shear
is strong, so the anti-symmetric vortices formed by shear stress of
impacting from jet flow are stable.
On the cross section of X/D = 15, anti-symmetric vortices
are elevated in Fig. 9 compared with that in Fig. 7. The secondary
vortex and the horseshoe vortex are found obviously in the six
snapshots in Fig. 9. But in Fig. 10, the cooling efficiency is almost
keeping the same relatively. It is concluded that the gas film begins
to appear unstable as anti-symmetric vortices rising far from the
wall. Meanwhile the change of the flow field is not enough to
change the temperature of the wall. Then the film stays in mix
stage. The generation of this phenomenon is because of cooler
mixed fluid is carried close to the wall by secondary vortex and
the horseshoe vortex, when anti-symmetric vortices rise. At the
middle process of gas film, the normal shear is wear, so the anti-
symmetric vortices formed by shear stress of impacting from jet
flow are mainly impacted by mainstream.
On the cross section of X/D = 20, the anti-symmetric vortices
are asymmetric no longer as shown in Fig. 11. Also the cooling
efficiency occurs periodic exhibition to swing as shown in Fig. 12.
At the position far away from the inclined hole, anti-symmetric
vortices rise far from the wall, when the mainstream permeates
the bottom of them. Because of the energy of film is weak, the
anti-symmetric vortices slosh in the mainstream, affected by the
infiltration action. So the film carried by anti-symmetric vortices
stays in the dissipation stage.
Above all, in the process of generation and development of the
gas film, the characteristics of different stages are mainly deter-
mined by the performance of anti-symmetric vortices, which af-
fected the structure of the gas film.Meanwhile, the anti-symmetric
vortices are affected by the shear stress of jet flow at the beginning
and affected by infiltration actionwith the development of the film.
Computational domain of a single-row plate is the same as a
single-hole plate. The arrangement of five holes is shown in Fig. 13,
and the serial number of the middle hole is 3. Parameters are the
same as a single-hole plate, while hole spacing is d = 1.5D and
d = 2D.
In this section, the main work is about plate film cooling with
two kinds of hole-spacing of 1.5D and 2D. The two hole-spacingsFig. 6. (Color online) Cross section drawing.
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Fig. 7. (Color online) Results of flow field and temperature at the cross section of X/D = 5.are selected, for considering that narrower hole-spacing cannot ap-
ply to the engineering, which reduce the intensity in the process of
manufacturing, while hole spacing is too large, the gas film cooling
effect is the sameas a single-hole plate. According to the current lit-
eratures, the two hole-spacing is finally chosen as the research ob-
jects. In Fig. 14, the characteristics of mixing mechanism films are
more apparent because of mutual interference between gas films
in the three stages (stable stage, mixed stage and dissipation stage)
mentioned above. It is obvious that Stable Stage stays longer when
hole-spacing is 2D, while merger phenomenon appears between
the films when hole-spacing is 1.5D in Fig. 14(a). The merger phe-
nomenon appears because of films are so close to each other that
films merge together with the development of films. In addition,
mainstream extrude films inward. When hole-spacing is 2D, after
the stable stage, the instability of films flow has played a major
role between films in parallel. The interference occurs in the form
of periodic sloshing, so periodic rejection and attraction due to the
mutual interference occur in Fig. 14(b).
Next, the change law of film cooling efficiency is discussed. In
the two pictures of Fig. 15, middle gas film (film 3) is relatively
stable in the process of the gas film flow,while the films at the edgeFig. 8. Results of cooling efficiency with different time at the cross section of
X/D = 5.
change strongly. The reason is that the influence on themiddle film
coming from both sides is the same, while other films are affected
unequally by the mainstream. In the two pictures, after a certain
stage of stable, the cooling efficiency of 5 different films has certain
cyclical shocks, indicating that the films occur periodic offset the
centerline of films. And cooling efficiency along the exhibition
on the different cross sections is compared, as shown in Fig. 16.
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Fig. 9. (Color online) Results of flow field and temperature at the cross section of X/D = 15.Fig. 10. Results of cooling efficiency with different time at the cross section of
X/D = 15.
From the two pictures of Fig. 16, it is concluded that with the
development of film cooling, films extrude towards the middle.
As shown in Fig. 17, in the cross section X/D = 1, gas films of
d = 2D are higher than that of d = 1.5D, which ismainly due to the
mentioned extrusion. And the extrusion is stronger when the films
are closer to mainstream. From Figs. 18–20, it is concluded that
flow direction of vortex belongs to adjacent side of the adjacenttwo anti-symmetric vortex is opposite, indicating that mutual
repulsion occurs between the adjacent films. The horseshoe vortex
exists in cross section when hole-spacing is 2D, but not for hole-
spacing of 1.5D because of no enough space between films.
According to the mutual interference between the gas films
put forward before, this section focuses on contrast analysis of
y-velocity along center line of middle film, which provides data
validation for analysis above.
As shown in Fig. 21, in the process of film cooling, we argue that
y-velocity along center line of film indicates the migration of gas
film. According to the contrast, it can be found in the stable stage,
y-velocity is almost zero in single-row plate, while small deviation
in single-hole plate. Certain cyclical shock appears as the distance
from the gas filmhole going on. Through this data, detailed result of
periodic oscillation can be obtained, such as oscillation frequency
and precise location where oscillation occurs. The decrease of
amplitude indicates attenuation of oscillation and dissipation of
the gas film energy. In addition, according to the contrast, the
exhibition of periodic oscillation in single-row plate is advance of
that in single-hole plate, proving that periodic oscillation occurs in
mixed stage of single-row plate. According to Fig. 22, the direction
of oscillation of adjacent films is opposite, which indicates mutual
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Fig. 11. (Color online) Results of flow field and temperature at the cross section of X/D = 20.Fig. 12. Results of cooling efficiency with different time at the cross section of
X/D = 20.
repulsion between films. In comparison, amplitude of oscillation
formiddle film is respectively small, which indicates the oscillation
is mainly generated by the infiltration from mainstream.
The unsteady mixing mechanism of the plate film cooling
was investigated by large eddy simulation with more than 20Fig. 13. Computational model of a row of holes in the plate.
million grids. The single-hole plate film cooling and single-row
plate film cooling in different hole spaces are calculated. The
unsteady flow field and cooling efficiency of the adiabatic wall
plate are obtained and the influence law of mixing mechanism
is concluded. The features of unsteady mixed jet-to-mainstream
are varied regularly as time goes on. It can be concluded that
the formation process of coolant film affected by the different
220 S. Li et al. / Theoretical & Applied Mechanics Letters 6 (2016) 213–221(a) d = 1.5D. (b) d = 2D.
Fig. 14. (Color online) Flow and temperature field on the surface of the plate.(a) d = 1.5D. (b) d = 2D.
Fig. 15. (Color online) Cooling efficiency along the center line of each film.(a) X/D = 20. (b) d = 2D.
Fig. 16. (Color online) Cooling efficiency of plate on different cross sections.aerodynamic characteristics is divided into three different stages
with different mixing characteristics, which are stable stage, mix
stage, and dissipation stage, and the distribution of vortex system
dominates the mixing process. For further analysis, the process of
gas film cooling can be divided into different stages according to
the different characteristics, and different stages own its special
mixing characteristics. Furthermore, the numerical simulation of
film cooling with a single-row plate under various hole-spacing
is carried out, and the influence law of covering characteristics
on different hole-spacing is revealed. The simulated results show
that themutual interference effects between the gas films performdifferent characteristics in different stages. The mutual exclusion
happens at the stable stage, and a certain periodic sloshing appears
inmix stage, while in the dissipation stage, the phenomenon of the
mutual fusion appears.
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